MAPs and microtubule motor proteins from the massive microtubule translocation complexes within the ovaries of hemipteran insects have been ident ified and characterized. Both classes of proteins have been compared with those of other systems, and the function of both in the insect ovaries is speculated upon.
The insect ovarian microtubule system
Since microtubules were first identified they have been equated with assymetrical cell shape and intracellular translocation -and the ovaries of one order of insects, the hemipterans (bugs), exhibit both properties in an exagger ated form.
Hemipterans are unlike other insects in having telotrophic meroistic ovaries. The term meroistic refers to the fact that the ovaries possess nutritive cells which supply the developing oocytes, and telotrophic to the nutritive cells being situated at the anterior end of the organ (see Bonhag, 1958) . The geometry o f the system is such that the nutritive cells pass materials to the oocytes by way o f connections known as nutritive tubes -cell extensions (Valdimarsson and Heubner, 1989) which may be some 20-30 fim in diameter and many millimetres in length. Each nutritive tube is packed with a parallel arrangement o f microtubules which typically number tens of thousands.
The microtubules have a common polarity, with their plus or fast-growing ends towards the anterior, nutritive cell end of the nutritive tubes (Stebbings and Hunt, 1983) ; their spacings within the nutritive tubes vary between different hemipteran species, possibly being linked to differences in the size of components translocated in different species (Hyams and Stebbings, 1977) . As well as continually increasing in length throughout oogenesis, the nutritive tubes also increase in diameter, so that new microtubules must be added continuously to the bundle (Hyams and Stebbings, 1979) . This process has recently been clarified by immunocytochemical studies which show different distributions of a-tubulin isotypes in a single developing nutritive tube (Harrison et al. manuscript in preparation) . Eventually, when an oocyte reaches the vitellogenic stage of oogenesis, the nutritive tube supply ing it becomes redundant, and the typical microtubule spacing gives way to a bundling of the microtubules (Hyams and Stebbings, 1979) followed by their depolym erization.
Throughout their functional existence, nutritive tubes act as conduits for the passage of nutritive cell components to the oocytes. These consist o f RNA and cytoplasm and, in some cases, organelles as large as mitochondria -the importation of the latter apparently being typical of species where the period of oogenesis is short, i.e. a few weeks, and not occurring where oogenesis lasts many months. Translocation o f components along the micro tubule-packed nutritive tubes has been shown to take place at different rates even within a single tube (see Stebbings, 1986) , with slow rates of movement being monitored by autoradiography (Macgregor and Stebbings, 1970; Mays, 1972) and faster rates by video-enhanced contrast microscopy (Dittmann et al. 1987) . Moreover unidirectional translocation of mitochondria along nutri tive tube microtubules has been reactivated in vitro (Stebbings and Hunt, 1987) , showing it to be an active process.
The insect ovarian nutritive tube provides an excellent model for the study of microtubules and microtubuleassociated components generally. It complements studies which have been carried out mainly with mammalian nerve, and has a number o f advantages over the latter. Microtubules are the sole cytoskeletal elements involved, whereas nerve axons are complicated by neurofilaments. Many more microtubules are found in nutritive tubes than nerve axons. Translocation along nutritive tubes is unidirectional, as opposed to bidirectional movement in nerves. Most importantly though, nutritive tubes can be microdissected from ovaries intact ( Fig. 1) for biochemical, structural and motility studies. This has allowed the investigation o f (microtubule-associated proteins) MAPs and motors in the insect system and provided a model for the study of m icrotubule-M AP/ motor interactions gener ally.
Insect ovarian microtubule motors
Using techniques that involve the addition of AMP-PNP and the depletion of ATP, together with purified MAP-free taxol-stabilized pig brain microtubules (methods which have been developed by others for the isolation of microtubule motors), we have identified motors in hemip teran ovary homogenates (Anastasi et al. 1990 ). Under such conditions a high molecular weight protein, similar in size to mammalian brain MAPI, bound specifically to the microtubules, as did a 116x 103 Mr polypeptide (Fig. 2 ). Both were extracted from the microtubules with MgATP. The material released was sedimented on a sucrose density gradient (Fig. 3) . The high molecular weight protein sedimented at 20S, co-electrophoresed with MAP1C and, like dynein heavy chains, showed suscepti bility to cleavage at a single site when irradiated with u.v. light in the presence o f vanadate and ATP, yielding two polypeptides of molecular weights 1 9 0 x l0 3Mr and 230x103Mr. The 1 16 xl0 3Mr species sedimented at around 9S and showed immunoreactivity with anti chicken brain kinesin.
The hemipteran ovarian material released from pig brain microtubules with MgATP was tested to see whether it produced movement of latex beads on microtubules. Bundles of parallel microtubules of known polarity from isolated, detergent and salt-extracted nutritive tubes provided a novel and highly efficient motility substrate (Fig. 4) .
Polybead carboxylated microspheres coated in the ATP extract were applied to the substrate in the presence of 10 m M ATP, whereupon many such beads attached to the microtubule bundles (Fig. 5 ) and about half of these appeared to be moving along the bundle at any one time. Bidirectional bead movements were observed, but move ments in an anterograde direction predominated. Purifi cation of the proteins in the ATP extract showed that kinesin was responsible for bead movement in the anterograde direction, but the retrograde movement was not attributable to any particular fraction. The nature of the movements in the two directions promoted by the ATP extract were quite different in terms of velocity and duration, and were comparable to the movements gener ated by kinesin and dynein from a range of systems (see Hollenbeck, 1988; Vallee et al. 1989) .
Intriguingly kinesin appears not to be present in nutritive tubes, while a dynein-like protein is seen in these translocation channels -a finding which correlates with the retrograde translocation which occurs along their length in situ throughout oogenesis, and suggests that dynein may be responsible for the translocation in vivo. 
Insect ovarian MAPs
Whereas the motor proteins in insect ovaries appear to be the same as those in mammalian and other systems, this is not true of the MAPs. When microtubules are isolated from ovaries of hemipterans by cycles of assembly and disassembly, as well as containing tubulins they are seen to comprise a spectrum of MAPs (Fig. 6) , and a similar collection of MAPs is extracted from taxol-assembled microtubules with high salt. The predominant MAPs are of high molecular weight (greater than 2 0 0 x l0 s Afr) but these differ in molecular weight from mammalian brain MAPs and immunological studies show no cross-reactivity with them. Insect ovarian high molecular weight MAPs do however have comparable properties to brain MAPs and have been shown to promote microtubule assembly, to be heat stable (Anastasi et al. manuscript in preparation) as is brain MAP2 (Vallee, 1985) , and to show a high degree of turnover (Stebbings et al. 1985) as do mammalian brain MAPs (Okabe and Hirokawa, 1987; Nixon et al. 1990) .
Unusually the same high molecular weight MAPs in insects show nucleotide-sensitive binding to microtubules ( the high molecular weight MAPs resemble the previously discussed cellular motor proteins; but no ATPase activity, indicative of a motor, was found, and neither do they generate motility. Such properties are not unique to the insect ovarian high molecular weight MAPs, however, as
MAPs with comparable properties have also been ident ified recently in HeLa cells (Rickard and Kreis, 1990) . Fascinatingly, the high molecular weight MAPs of insect ovaries show species specificity, having slightly different molecular weights (Fig. 8) in all of the species studied so far. Also, antibodies raised against a high molecular weight MAP of one species do not cross-react with MAPs of other species. Furthermore, apart from being species-specific the high molecular weight MAPs from insect ovaries also show some tissue specificity, and certainly do not occur in the neurones of the same species.
Such MAP specificities are of considerable interest as they may point to the MAP function. First, the fact that the high molecular weight MAPs occur in one translo cation system (the ovarian nutritive tubes) but not in others (nerve axons) suggests that they are not involved in the translocation process generally. Secondly, their occur rence in the ovarian nutritive tubes (though only in microtubules) and not the nerve axons (microtubules and neurofilaments) means that they appear not to be involved in linking microtubules and neurofilaments, as has been proposed for other MAPs. Rather their existence in purely microtubule systems would suggest a microtubule-based function.
In this regard, the variability of the high molecular weight MAPs in the ovaries of different species is particularly telling. There are two well-known and very variable factors in the microtubule systems of ovarian nutritive tubes of different hemipterans. Firstly, differ ences exist in the stability of the microtubules in different species, which is perhaps not surprising since insects inhabit a wide range of environments, some species experiencing temperatures of below 0°C and others equatorial conditions. Secondly, differences have been found in the inter-microtubule spacings in the nutritive tubes of different species, such that a particular spacing is typical of a particular species and is also related to the components travelling along and between the micro tubules comprising the nutritive tubes of that species. Certainly MAPs in a wide range of systems have been shown to confer stability on microtubules, and there is also previous data which suggests that MAPs may determine micro tubule arrangements. However, direct evidence for insect ovarian high molecular weight MAPs being in volved in either function remains to be obtained.
The significance of the nucleotide-sensitive binding of the insect ovarian high molecular weight MAPs to microtubules also requires to be resolved. There have been many demonstrations of microtubules associating via various polypeptides with membranous organelles, cytoskeletal filaments, and probably more relevant to this discussion, with each other. In most cases ATP has been shown to bring about their dissociation, and a view is emerging that such relatively stable associations might interpose periods of motor-driven interaction (Linden et al. 1989; Mithieux and Rousset, 1989) . Whether insect ovarian MAPs do serve to form associations between microtubules, during the establishment of the initial microtubule pattern and the continuous addition of similarly-spaced microtubules to such aggregates, is not known. What is clear is that their removal results in a breakdown of their characteristic spacing. The suggestion that certain MAPs may act similarly to axonemal dynein, which binds cytoplasmic microtubules in vitro by a structural site at one end and more weakly to an ATP-sensitive site at the other (Porter and Johnson, 1983; Haimo and Fenton, 1984) to result in cross-bridging, is not a new one (Suprenant and Dentler, 1982; Hollenbeck and Chapman, 1986) . Similar behaviour by the high molecular weight MAPs in insect ovaries could explain their possession of characteristics of both microtubuleassociated and microtubule-binding proteins.
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